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Chapter 1: Introduction 
 

1.1. Overview of Translation Initiation 

All three domains of life (bacteria, archaea, and eukaryotes) have the same 

requirement to synthesize proteins. Given the potential consequences of deviation, it is 

not surprising that many of the mechanisms underlying the process of protein synthesis 

(i.e. translation) are remarkably conserved between all three domains. No matter the 

organism, the basic principle remains the same: DNA containing the base genetic 

material is copied into a more temporary form called messenger RNA (mRNA), and the 

sequence of mRNA must be read and converted to a corresponding chain of amino acids 

(i.e. the protein). The central role this process plays in all life necessitates a high degree 

of regulation and control. Protein translation can broadly be divided into four phases:  

(a) initiation: assembling the machinery necessary to begin linking amino acids 

together according to the code prescribed by the mRNA,  

(b) elongation: the actual process of sequentially linking amino acids to the growing 

polypeptide chain, 

(c) termination: detachment of the completed polypeptide upon completion of 

synthesis, and  

(d) recycling of all the components in preparation for the next round of initiation. 

On the physiological timescale of translation (~seconds to minutes) (Schreier et al. 1977), 

translation initiation is the rate-limiting step, is the most complex and highly regulated, 
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and thus unsurprisingly is also the least conserved between the three domains of life 

(reviewed in (Marintchev & Wagner 2004; Jackson et al. 2010; Hinnebusch 2014)). 

Nevertheless, there are still substantial similarities in how translation initiation 

occurs in bacteria, archaea, and eukaryotes. mRNA consists of a sequence of nucleotides, 

triplets of which code for a single amino acid. The ribosome, a massive complex 

composed of dozens of proteins and molecules of ribosomal RNA, functions to bind 

mRNA, select for amino acids corresponding to the sequence encoded in the mRNA, and 

synthesize the bonds to connect amino acids together. Regulation occurs at many points 

throughout the process. Mechanisms exist to control the availability of mRNA and its 

recruitment to the ribosome. Proper identification of where the protein coding sequence 

on the mRNA molecule actually begins, and thus where the ribosome should start 

synthesis, is clearly critical. Maintaining appropriate levels of the necessary amino acids 

in a form readily incorporated by the ribosome as it reads the mRNA is necessary for 

rapid and efficient synthesis. The protein must be released exactly when it is finished 

being synthesized for maximum efficiency. Finally, as translation is a cyclic process, all 

the machinery must prepare itself for another round of translation (reviewed in 

(Marintchev & Wagner 2004; Laursen et al. 2005; Jackson et al. 2010; Benelli & Londei 

2011; Hinnebusch 2014)). 

In the following sections, several of these processes will be described in greater 

detail. As a thorough overview of translation, let alone translation initiation, is beyond the 

scope of this dissertation, the reader is referred to several more comprehensive reviews in 

order to appreciate the general context (Marintchev & Wagner 2004; Jackson et al. 2010; 
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Hernández & Jagus 2016; Benelli & Londei 2011; Hinnebusch et al. 2007; Hinnebusch 

2014; Laursen et al. 2005). Instead, an attempt will be made to present to the reader only 

as much background and context as is necessary to appreciate the work forming the core 

of this dissertation.  

1.1.1. Universal Elements 

At its core, translation initiation is responsible for three basic tasks: recruitment of 

the mRNA to the ribosome, high fidelity recognition of the start codon on the mRNA, 

and prevention of premature ribosomal assembly until recognition of the start codon 

(Marintchev & Wagner 2004). A basic overview of mRNA, loading of amino acids on 

tRNAs, and the structure and function of the ribosome are given below. Key differences 

between the three domains of life are highlighted.  

1.1.1.1. mRNA 

In all forms of life, mRNA contains the same basic sequence elements. Only a 

limited sequence in the mRNA molecule actually codes for a given protein. These 

sequences, or open reading frames (ORFs), are marked by a triplet of bases called the 

start codon, which is most commonly an adenosine followed by a uracil followed by a 

guanine (AUG). The end of the ORF is marked by another three-base code called the stop 

codon, which is UAA, UAG, or UGA. A single mRNA can carry the code for several 

proteins simultaneously or can be restricted to coding for a single protein. The former is 

called polycistronic mRNA and is representative of the majority of bacterial and archaeal 

mRNAs. The latter is called monocistronic mRNA and is representative of the majority 

of eukaryotic mRNAs (Benelli & Londei 2011). Nevertheless, both polycistronic and 













 
 

  9 

an additional set of unique ribosomal proteins. Most of the rRNA expansion segments 

and additional ribosomal proteins present in eukaryotes though not in bacteria are 

localized to the solvent-exposed surface of the large and small ribosomal subunits, 

providing almost complete surface area coverage (Figure 1.2C) (Ben-Shem et al. 2011). 
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Figure 0-1 

Figure 1.1: Function of the ribosome 
The process of translation elongation consists of several steps. First, an incoming aa-tRNA 
binds the A-site on the fully assembled ribosome (Step 1). Ribosomal peptidyl-transferase 
activity links the associated amino acid to the growing polypeptide chain (Step 2), inducing 
a ratcheting that causes transfer of the peptidyl-tRNA from the A-site to the P-site of the 
large subunit and the now uncharged tRNA from the P-site to the E-site (Step 3). The 
ribosome then ratchets back, causing the mRNA, together with the tRNAs, to move with 
respect to the small subunit. The peptidyl-tRNA is now fully in the P site; the A-site is 
empty and the system has returned to a state allowing binding of the next incoming aa-
tRNA (Step 4). The image shown here is taken from (Alberts et al. 2014). 
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Figure 1.2: Structure of the ribosome 
(A) A crystal structure of a bacterial 70S ribosome (2.8 Å) from T. thermophillus. The E-, 
P-, and A-site tRNAs are colored in yellow, green, and purple, respectively. mRNA is 
colored in black. Key structural features are marked. (B) The small 30S and large 50S 
subunits from the structure in (A) are shown separately. (C) Crystal structures (3 Å) of the 
small 40S and large 60S subunits of the eukaryotic ribosome are shown (S. cerevisiae). 
Elements unique to the eukaryotic ribosome are colored red. The view of the small 40S 
subunit (left) and of the large 60S subunit (right) are of the solvent-exposed surface. The 
images in (A) and (B) are taken from (Schmeing & Ramakrishnan 2009). The image in (C) 
is taken from (Ben-Shem et al. 2011). 
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1.1.2. Kingdom-specific Elements in Translation Initiation 

While the basic principle of translation remains conserved between bacteria, 

archaea, and eukaryotes, the specific needs of each differ. Neither bacteria nor archaea 

have a nucleus, meaning that transcription of DNA into mRNA and translation of mRNA 

into protein occur within the same space. Eukaryotes, on the other hand, sequester the 

process of transcription as well as a series of processes devoted to post-transcriptional 

modification of mRNA in the nucleus. Furthermore, in eukaryotes translation can occur 

by free floating ribosomes in the cytoplasm as well as by ribosomes bound to the 

membrane of the endoplasmic reticulum (ER), which allows for the insertion of nascent 

proteins into a dedicated protein folding environment in the ER as they are synthesized. 

This in turn allows tertiary structure that could not otherwise be achieved in the 

cytoplasm. Bacteria are able to do this on the cell surface (reviewed in (Alberts et al. 

2014)). 

While the elongation stage is relatively straightforward and requires only two or 

three factors regardless of the domain of life, the initiation stage is substantially more 

complex. Initiation likely evolved out of elongation as a way to introduce more regulation 

and handle greater complexity in the translation process, as evidenced by the fact that 

numerous initiation factors seem to have evolved from elongation factors. Bacteria make 

use of only three initiation factors, while eukaryotes make use of a dozen or more. While 

archaea do not have a nucleus, they are evolutionarily closer to eukaryotes than to 

bacteria. The complexity and manner in which translation initiation is performed in 

archaea is more similar to that in eukaryotes as compared to that in bacteria. The least 
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Figure 1.3: An overview of eukaryotic translation initiation 
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Figure 1.4: eIF2 recycling and ternary complex (TC) formation by eIF2B 
Binding of the ternary complex (eIF2-GTP-Met-tRNAi) to the small ribosomal subunit is 
required for proper identification of the start codon during scanning. Following hydrolysis 
of the eIF2-bound GTP and subsequent full assembly of the ribosome, eIF2-GDP must be 
recycled to its active GTP-bound state in order to form another ternary complex and 
subsequently engage in another round of translation. eIF2B is the guanine nucleotide 
exchange factor (GEF) that is responsible for promoting exchange of eIF2-bound GDP for 
GTP. It also serves to recruit the initiator Met-tRNAi and promote formation of a new TC. 
Phosphorylation of eIF2 by one of four kinases converts it into a competitive inhibitor of 
eIF2B, not only reducing the amount of eIF2 capable of forming new TC, but also 
sequestering eIF2B and reducing potential exchange on remaining unphosphorylated eIF2 
(reviewed in (Marintchev & Wagner 2004)). 
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ability to partially recover translation in yeast upon deletion of eIF5B (Maone et al. 2007; 

Lee et al. 1999). As is the case in eukaryotes, no homolog of IF3 appears to exist in 

archaea. Like eukaryotes, archaea have an eIF1 homolog, aIF1, which plays a similar role 

to bacterial IF3 in modulating mRNA binding to the ribosome and ensuring fidelity of 

start codon recognition, though it is not evolutionarily related. Like eIF2, archaeal 

initiation factor aIF2 is a heterotrimer that binds Met-tRNAi and helps place it in the P-

site on the ribosome (reviewed in (Marintchev & Wagner 2004; Benelli & Londei 2011; 

Benelli et al. 2016)). 

1.2. Overview of the Integrated Stress Response 

The integrated stress response (ISR) is the collective name given to a series of 

convergent pathways through which cells adapt to stress by slowing the rate of protein 

synthesis and activating signaling pathways aimed at stress resolution. Induction of ISR 

results in a rapid (~minutes) depletion of ternary complex levels in the cells, necessarily 

leading to a slowing or halt in translation (Figure 1.5). ISR induction also results, 

paradoxically, in a concurrent de-repression of translation of a subset of proteins 

mediating the stress response. ISR is at its core a balancing act: slowing down protein 

synthesis just enough in magnitude and duration to aid in resolution of stress, but not too 

much so as to kill the cell. Simultaneous activation of stress-resolution pathways further 

aids in restoration of homeostasis. It is thus not surprising that ISR is very heavily 

regulated and operates under a default negative feedback loop. Both an overly active 

stress response or an underactive stress response can lead to cell death. Both hyper-active 
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Figure 1.5: The Integrated Stress Response (ISR) 
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reticulocyte lysate system upon addition of cytoplasmic extract from poliovirus-infected 

HeLa cells (Hunt & Ehrenfeld 1971). The factors responsible for translation repression in 

the absence of heme and in the presence of dsRNA were eventually identified as kinases 

that phosphorylated eIF2 (Farrell et al. 1977). The former is now known as heme-

regulated inhibitor (HRI) kinase and the latter as ds-RNA-activated protein kinase (PKR) 

(Levin et al. 1975; Levin et al. 1976; Farrell et al. 1977). Another kinase, general control 

non-derepressible 2 (GCN2), with equivalent function (i.e. phosphorylation of serine 51) 

was found in yeast (Tzamarias et al. 1989; Chen et al. 1991; Dever et al. 1992) and later 

in mammals (Berlanga et al. 1999) to activate ISR in response to amino acid deficiency. 

The fourth and final kinase responsible for activating ISR was found to respond to ER 

stress and is called PKR-like endoplasmic reticulum kinase (PERK) (Harding et al. 

1999). 

Yeast possess only the GCN2 kinase, while mammals possess all four of the 

kinases named above. While each kinase is predominantly responsible for inducing ISR 

in response to a single stress (Figure 1.5), with time additional functionality has been 

recognized and appreciated. GCN2 is activated upon binding of uncharged tRNAs, 

effectively linking induction of ISR to low levels of available amino acids (Dong et al. 

2000; Wek et al. 1989; Dever et al. 1992). PKR is activated upon binding of double-

stranded RNA (dsRNA), thus coupling induction to the presence of viral nucleic acids 

(Hunter et al. 1975). HRI activity is suppressed by binding heme, thus coupling induction 

to low levels of heme (Maxwell et al. 1971; Hunt et al. 1972). Finally, PERK is kept 

inactive by a pool of chaperone proteins, which is rapidly depleted as misfolded proteins 
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1.3.1. In-vitro biochemical assays 

In order to understand the mechanisms responsible for nucleotide exchange and 

its regulation, exchange assays were performed in rabbit reticulocyte lysate in which eIF2 

was bound to radioactively or fluorescently labeled GDP. Experiments were generally 

performed by observing the rate of signal decay of pre-incubated labeled GDP in the 

presence of unlabeled GDP. Experiments using unlabeled GTP, however, were 

unsuccessful unless performed in the presence of Met-tRNAi. This is due to the very high 

affinity of eIF2B for eIF2-GTP (the product of exchange), effectively allowing for only 

one exchange to occur per molecule of eIF2B. Exchange for GTP could be observed, 

however, when performed in the presence of Met-tRNAi. This makes sense, given that 

Met-tRNAi binding to eIF2B-bound eIF2 destabilizes the eIF2B:eIF2 interaction and 

allows for product (i.e. ternary complex) release. Ternary complex formation and 

recruitment to the small 40S ribosomal subunit could be followed by using radioactively 

labeled [35S]Met-tRNAi. 

1.3.2. Mutational Data 

A wealth of data about eIF2B assembly and function is derived from experiments 

in yeast genetics. These experiments are typically performed by introducing random 

mutations into yeast cells and observing the resulting phenotype. Here, phenotypes deal 

with induction of ISR, as measured by induction of GCN4. GCN4 can be thought of as 

the yeast equivalent of ATF4, whose expression is upregulated following induction of 

ISR by the activation of GCN2 in response to amino acid deprivation. In this manner, 

mutations in eIF2B can be classified in one of two categories: mutations that prevent 
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Figure 1.6: Structure of eIF2 
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Figure 1.7: Structure of eIF2B subunits 
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Figure 1.8: Assembly of eIF2B 
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dysfunction and metabolic disorders (Harding et al. 2001; Laybutt et al. 2007; Gao et al. 

2012; Zhang et al. 2002). In all these cases, therapeutic modulation of ISR can serve to 

reverse dysfunction, suppress symptoms, halt progression, or even induce apoptosis. 

Given the widespread impact of ISR on cellular function, as well as the specific 

relationship to the conditions described above, the modulation of ISR for therapeutic 

benefit is increasingly being studied. Three broad approaches currently exist, two of 

which serve to turn down ISR while the third seeks to turn it up. The first approach 

involves inhibition of the ISR-activating kinases, with initial attempts specifically 

targeting inhibition of PERK. The second approach involves stimulating eIF2B activity, 

thus counteracting the effects of ISR induction by increasing exchange performed by 

non-sequestered eIF2B. The third approach involves inhibiting phosphatase activity 

responsible for the negative feedback loop, thus maintaining or artificially inducing ISR. 

These approaches serve as validation of the concept of targeting ISR as a therapeutic 

strategy.  

Given the potential possibility of PERK modulation in the treatment of cancer, the 

pharmaceutical company GlaxoSmithKline (GSK) initiated a screening and lead 

optimization program seeking to identify a potential PERK inhibitor. In 2012, the 

compound 7-Methyl-5-(1-{[3-(trifluoromethyl)phenyl]acetyl}-2,3- dihydro-1H-indol-5-

yl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine, or GSK2606414, was found to inhibit PERK 

activity in cell lines and inhibit tumor growth in mice xenografts (Axten et al. 2012). A 

version of GSK2606414 modified for improved pharmacokinetics, GSK2656157, was 

developed a year later (Axten et al. 2013). Both of these compounds are becoming 
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which further analysis and experimentation is necessary. Ultimately, the hope is that by 

better understanding the mechanism and surfaces involved in both productive and un-

productive interactions between eIF2 and eIF2B, new and improved strategies can be 

designed to modulate ISR for therapeutic benefit. 
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information about its shape (Rg, radius of gyration). A beam is passed through a sample 

containing the purified protein, and detectors placed at several angles from the central 

axis collect any scattered light and provide a read-out of intensity as a function of angle. 

Measurements are usually taken at a series of known concentrations, with intensities 

collected at several angles for each sample concentration. Data is compared or 

normalized to a reference, and the underlying mathematical models allow extraction of 

the parameters of interest. These parameters can be identified by plotting the 

experimental data in the form of either a Guinier plot or a Zimm plot. 

2.1.2. Nuclear Magnetic Resonance (NMR) Experiments 

Nuclear magnetic resonance spectroscopy infers information about a system of 

atoms based on its behavior in response to being placed in a combination of static and 

dynamic magnetic fields. Many types of NMR experiments are possible, each providing 

different information about the target system. One dimensional (1D) experiments are 

often performed for small molecules, in which pulse sequences manipulate magnetization 

of protons in the sample. A limited number of protons allows for their unique 

identification. 1D experiments are of limited use in the investigation of proteins due to 

their large size and number of protons. Instead, 2D and 3D experiments are typically used 

with 15N-labeled or 15N/13C-labeled proteins, respectively.  

A 2D or a 3D experiment correlates two or three nuclei, respectively, that are 

linked through covalent bonds or are close in space. A common 2D experiment is the 

heteronuclear single-quantum coherence (HSQC) experiment, which correlates protons 

and nitrogens covalently attached to each other. The result is a 2D plot with 1H chemical 
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small molecule or protein) in the sample. The signal to noise increases as the square root 

of the number of times the experiment is repeated. For a combination of experimental, 

logistical, and cost considerations, an NMR experiment is limited in the total time that it 

can be performed. A 2D experiment can be thought of effectively as a series of 1D 

experiments on 15N embedded in a single 1D 1H experiment. Therefore, given a fixed 

total experimental time, the desired resolution in the 15N dimension must be weighed 

against the desire to accumulate more overall experiments, or scans, to improve SNR. 

This tradeoff is felt even more acutely for 3D experiments. Optimizing SNR is thus a 

high priority, especially when signal is low due to a low concentration of protein being 

used.  

Multiple factors increase the relaxation rate, thus limiting the duration of time 

signal can be acquired for and forcing a greater number of scans. The main mechanism of 

relaxation for 1H, 15N, and 13C is dipole-dipole (DD) coupling, though at higher magnetic 

fields a second mechanism (chemical shift anisotropy, or CSA) can be problematic as 

well (Marintchev et al. 2007). DD coupling allows magnetization of the amide proton, 

amide nitrogen, or 13C carbon to disperse itself to un-desirable hydrogen atoms, both 

those incorporated in the protein and those in solution (i.e. in water). The magnitude of 

this effect depends on the orientation of the interacting nuclei relative to the static 

external magnetic field. For a small molecule or small protein in solution, random 

rotational diffusion is able to suppress this effect. For a large protein or complex, 

however, rotational diffusion is too slow and DD coupling causes significant loss in 

signal. Replacing the water in the sample with deuterium oxide (D2O) can reduce 
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Figure 2.1: Overview of the fluorescence anisotropy assay 
Fluorescence anisotropy describes a phenomenon in which a light wave is unevenly 
polarized in the vertical and horizontal dimensions. Light is typically emitted from excited 
fluorophores within a small solid angle of an intrinsic axis determined by the physical 
orientation of the fluorophore with respect to the polarization axis of the incoming light. 
For a small particle, Brownian rotational diffusion randomly re-orients the particle in the 
time between the absorption of the excitatory photon and emission of the fluorescent 
photon. This results in de-polarization of light emitted by the sample as a whole. On the 
other hand, a large particle rotates more slowly, resulting in an anisotropy more closely 
matched to that of the incoming light. Measurements of emission of polarized light in the 
horizontal and vertical planes are made by use of polarizers and appropriate emission filters 
or monochromators placed in between the sample and the detector. A binding event leads 
to the formation of a larger complex with a correspondingly larger anisotropy. This image 
was taken from http://www.hi-techsci.com/. 
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between the electric field component of the electromagnetic wave and the orientation of 

the fluorophore dictates the likelihood of absorption, and thus of an eventual fluorescence 

emission. The probability of absorption scales as the square of the cosine of the angle 

between them, effectively limiting absorption only to the case where the polarization of 

incoming light is parallel or near parallel to the orientation of the fluorophore. As 

fluorophores or the proteins to which they are attached rotate randomly in solution 

according to Brownian motion, only a small subset of potential fluorophores are capable 

of being excited by an incoming wave.  

Polarization of fluorescently emitted light also follows a probability distribution 

heavily centered on an intrinsic angle relative to the orientation of the fluorophore. For an 

angle of 0 degrees (i.e. emission is aligned with the orientation of the particle), the 

maximum anisotropy possible for the fluorescently emitted light is 0.4. However, in 

reality a fluorophore or the protein to which it is attached rotates in three-dimensional 

space according to Brownian rotational diffusion. Depending on the lifetime of the 

excited state, rotation of the fluorophore results in rotation of the preferred angle of 

emission relative to the polarization of the absorbed light. As a result, the anisotropy of 

fluorescently emitted light will have some value smaller than 0.4. Brownian rotation 

depends, among other factors, on the size of the particle: the larger the particle, the 

slower it rotates/tumbles. As a result, for a given fluorescence lifetime, fluorophores 

attached to larger proteins will emit light with larger anisotropies than fluorophores 

attached to smaller proteins. This phenomenon can be used to identify the presence of 

protein-protein interactions due to the corresponding increase in anisotropy caused by the 
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Figure 2.2: Key constructs 
A schematic of the most commonly used constructs discussed in this dissertation.  
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Following expression, a ~50 mL aliquot was collected from the liter growth, 

while the remainder was spun down at 4,500xg and the resulting pellet stored at -20C. 

From the ~50 mL volume, 1 mL was removed and diluted to 5 mL with ddH2O (5x 

dilution) and its OD600 was measured and recorded as a reference. The remainder of the 

~50 mL was used to test expression and solubility prior to purification of the full liter 

growth. After being spun down at 4,500xg for 15 minutes, the supernatant was discarded 

and the pellet was re-suspended in 5 mL of 10 mM Na-phosphate (pH 7), 150 mM NaCl, 

0.01% NaN3, and 1 mg/mL lysozyme. The volume was then subjected to sonication (50% 

duty cycle, 5.5W, 2 min). 1 mL of lysate was then collected and spun down in a tabletop 

microcentrifuge at 14,000xg for 2 minutes. Samples of the lysate and supernatant 

following centrifugation were run on SDS-PAGE to quantify expression and solubility. 

Several proteins were expressed in a different manner than described above. As 

15N and 13C exist at ~0.3% and ~1% natural abundance, respectively, protein intended for 

2D or 3D NMR experiments had to be labeled with one or both of those isotopes. This 

was achieved by using the starter volume to inoculate a liter of minimal media rather than 

LB media. Minimal media consists of a ddH2O or D2O base, supplemented with critical 

minerals and vitamins, as well as with 15NH4Cl and 13C6-D-glucose as the sole nitrogen 

and carbon source, respectively (Marintchev et al. 2007), depending on the desired 

labeling. Deuteration, or 2H labeling, serves to improve NMR analysis by decreasing 

large contributors to spin relaxation. In these cases, the H2O component of the minimal 

media was replaced with D2O, allowing for triple labeling of the protein of interest (i.e. 

2H/15N/13C). Growth in minimal media resulted in an increase in doubling time to over an 
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to visualize spectra, pick peaks, generate statistics, and generate spectra overlays (Keller 

2004). Assignments were performed by Cora Lin in CARA, which can be downloaded 

from http://cara.nmr.ch/. 

2.4.2. NMR experiments for Investigation of Protein-Protein 

Interactions 

The majority of experiments made use of 2H/15N labeled proteins, though on 

occasion 2H/15N/13C labeled proteins were used with de-coupling of the carbon channel 

(i.e. suppression of hydrogen carbon coupling) or 15N labeled protein were used. All 

experiments used standard Bruker pulse sequences. Two-dimensional heteronuclear 

single-quantum coherence (HSQC) or transverse relaxation-optimized spectroscopy 

(TROSY-HSQC) experiments were the primary NMR experiments performed. TROSY-

HSQC experiments were performed exclusively on 2H/15N or 2H/15N/13C-labeled 

proteins.  

When assessing the presence of an interaction or when seeking to identify a 

surface responsible for an interaction, an unlabeled protein was added to a sample of 

labeled protein. This was performed in one of two ways: direct addition to the final NMR 

sample, or combination and subsequent preparation of an NMR sample. Direct addition 

entailed adding unlabeled protein (with 5% or 10% D2O) directly to an NMR sample 

prior to loading in a Shigemi tube. This necessarily entailed a dilution of labeled protein 

(as well as of unlabeled protein). In cases where the solubility of unlabeled protein was 

insufficient to create the high concentration stock necessary to achieve the desired final 

concentration in the NMR sample, unlabeled protein was simply added to labeled protein, 
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Figure 4.10: Structural model for the eIF2B/eIF2 interaction. 
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Figure 4.12: Validating the eIF2B:TC model 
(A) Cross-eyed stereo view of the eIF2B:TC complex, with eIF2B colored based on 
electrostatic potential (blue indicates positive charges, while red indicates negative 
charges). The color scheme of TC is the same as in Figure 4.11B. (B) Cross-eyed stereo 
view of the eIF2B:TC complex, with eIF2B and eIF2 residues reported to cross-link to 
each other (Gordiyenko et al. 2014) shown in magenta and connected with magenta lines). 
The tRNA and nucleotide are not shown so as not to visually obscure cross-links. eIF2B 
and eIF2 coloring is as in Figure 4.11B. 
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Figure 4.14: Thermodynamic description of eIF2B-mediated nucleotide exchange 





 

 
 
 

Figure 4.15: Thermodynamic description of the eIF2B catalytic cycle 
Thermodynamic description of the pathway of eIF2B-catalyzed recycling of eIF2-GDP to TC and ribosome binding. Solid arrows 
indicate progression along the path, with steps labeled as follows: (Step A) displacement of eIF5 from eIF2-GDP by eIF2B, 
(Step B) eIF2B-promoted dissociation of GDP from eIF2, (Step C) binding of GTP to eIF2B-bound apo-eIF2, (Step D) binding 
of Met-tRNAi to form the TC on eIF2B, and finally (Step E) displacement of eIF2B from the TC by eIF5. Dashed arrows 
represent steps off the main pathway. Red crosses mark steps that can be safely ignored due either to off-rates being too slow on 
the time-scale of translation or to the equilibrium being shifted too far away from the product. Dissociation constants (KDs) are 
provided for each step and represent either experimentally determined values reported in the literature (black), or calculated 
(blue) or estimated (red) values based on thermodynamic coupling considerations (see Table 4.1). 
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has no effect on GDP binding in mammals (Sokabe et al. 2012) and stabilizes it ~2-fold 

in yeast (Jennings & Pavitt 2010), no significant GDP dissociation occurs from 

eIF5:eIF2-GDP, either. If eIF2 were able to equilibrate between GDP-bound and GTP-

bound complexes, the ratio would be 10:1 in favor of the inactive eIF2-GDP, as the eIF2 

affinity for GDP is ~100-fold higher than for GTP and the concentration of GDP ~10-

fold lower than that of GTP. Therefore, if eIF2B were to act as a simple nucleotide 

exchange factor that accelerates the equilibration of eIF2-GDP with eIF2-GTP, it would 

result in only a 10% conversion of eIF2-GDP to eIF2-GTP. Instead, as pointed out 

previously (Salimans et al. 1984; Gross et al. 1991; Marintchev & Wagner 2004), eIF2B 

does not release eIF2-GTP, but also catalyzes the next step: Met-tRNAi binding to form 

the TC, the true product of catalysis. In fact, as described in detail below, eIF2 and its 

complexes with GDP, GTP, and Met-tRNAi are channeled from the ribosomal translation 

initiation complexes (ICs) to eIF5, to eIF2B, to eIF5 again, and finally back to the 

ribosomal ICs. 

The following complexes are known to have off-rates slower than 1 min-1 or have 

been observed using analytical centrifugation, size exclusion chromatography or pull-

down experiments and are therefore stable for at least minutes, if not longer: eIF2-GDP, 

TC, eIF2B:eIF2, and eIF2B:TC (see e.g. (Goss et al. 1984; Salimans et al. 1984; Panniers 

et al. 1988; Gross et al. 1991; Kapp & Lorsch 2004)). The complex of eIF2B with eIF2-

GTP is also very stable, which is the reason why eIF2B-catalyzed GDP to GTP exchange 

is not effective in the absence of Met-tRNAi (see e.g. (Gross et al. 1991)). The eIF5:eIF2-

GDP and eIF5:TC complexes also appear stable enough to withstand pull-down 
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of the AB complex for molecule C 10-fold, then binding of C to B must likewise increase 

the affinity of the BC complex for A 10-fold.  

- Where experimentally determined KDs were not available, we used thermodynamic 

coupling to calculate the missing KDs (colored blue in Figures 4.15, 4.16) or at least 

estimate and determine bounds for their possible values (colored red in Figure 4.15, 

4.16). A list of all KDs used in Figure 4.15 and 4.16 can be found in Table 4.1. Relevant 

ratios among KDs based on thermodynamic coupling are described in Chapter 2. 

While a detailed analysis of the eIF2B catalyzed process of TC regeneration is 

beyond the scope of this paper, the thermodynamic scheme shown in Figures 4.15 and 

4.16 has some obvious important implications.  

(1) Apo-eIF2 and eIF2-GTP are reaction intermediates, tightly bound to eIF2B and 

not released. As previously pointed out (Salimans et al. 1984; Marintchev & 

Wagner 2004) and also stemming from the relevant KDs, eIF2B binding to apo-

eIF2 and eIF2-GTP is very tight (KDs in the pM range). Thus, in order to 

destabilize GDP binding to eIF2 and shift the equilibrium toward eIF2-GTP, 

eIF2B binds apo-eIF2 and eIF2-GTP with higher affinity than eIF2-GDP. 

Therefore, apo-eIF2 and eIF2-GTP are reaction intermediates that are never 

released. Instead, eIF2B produces a significant pool of eIF2B:eIF2-GTP available 

to bind Met-tRNAi.  

(2) eIF2B-bound eIF2 exists in a 1:1 ratio between eIF2-GDP and eIF2-GTP 

complexes. eIF2B destabilizes GDP binding to eIF2 ~100-fold compared to free 
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eIF2: from 10 nM to ~1 µM (the basis for its catalytic effect on nucleotide 

exchange). It also destabilizes GTP binding to eIF2 ~10-fold from 1 µM to 10 

µM. Therefore, as previously reported (Panniers et al. 1988), eIF2B-bound eIF2 

equilibrates to 1:1 the ratio of eIF2-GDP and eIF2-GTP complexes, because the 

eIF2B:eIF2 affinity for GDP is ~10-fold higher and the concentration of GDP 

~10-fold lower (Steps B and C in Figure 4.15). Thanks to the increased GDP 

dissociation rate from eIF2B:eIF2, equilibration should only take seconds. And 

since these KDs are lower than the cellular concentrations of GDP and GTP, there 

should be little eIF2B:apo-eIF2.  

(3) The eIF2B complexes with eIF2-GDP, eIF2-GTP, and TC could be at a 1:1:1 

equilibrium. With the KD of Met-tRNAi for eIF2B:eIF2 at ~100 nM (Figure 4.15, 

Table 4.1), the equilibrium between eIF2B:eIF2-GTP and eIF2B:TC should not 

be shifted much toward eIF2B:TC. If the eIF2B complexes with eIF2-GDP, eIF2-

GTP, and TC are near a 1:1:1 equilibrium, the practical implication is that the 

equilibrium will be dependent on, and potentially regulated by, the GTP/GDP 

ratio in the cell, as well as by the concentration of charged Met-tRNAi.  

The eIF2B-catalyzed regeneration of TC and its delivery to the 43S initiation 

complex is thus dependent on the concentration of the eIF2B:TC complex and the rate of 

transfer of TC from eIF2B to eIF5, which are determined by the GTP/GDP ratio in the 

cell, the Met-tRNAi concentration in the cell, the relative affinities of eIF2B for eIF2-

GDP, eIF2-GTP and TC, as well as the relative affinities of eIF5 and eIF2B for eIF2-

GDP and TC. These parameters are in turn dependent on, and can be regulated by, 
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Figure 5.1: Assembly of the eIF2B regulatory subcomplex 










































































































